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The temperature dependence of dark conductivity σd (T) at low temperatures (300-15 K) was 
studied on a wide microstructural range of well-characterized highly crystallized single phase 
undoped microcrystalline silicon (µc-Si:H) samples. Our study reveals two different temperature 
dependences in films having different microstructures. A T–½ dependence of σd (T) supporting 
tunneling of carriers between neighboring conducting crystals, similar to percolation-hopping model 
proposed for metal-insulator composite systems, is seen in µc-Si:H films that are fully crystallized 
with tightly packed large columnar grains and negligible density deficit. A T–¼ dependence of σd(T) 
supporting variable range hopping model with an exponential tail state distribution in the gap is seen 
in µc-Si:H films having mostly small crystalline grains, low degree of conglomeration and relatively 
higher density deficit. The correlation between the microstructural attributes and conductivity 
behavior is discussed by analyzing the physical plausibility of the hopping parameters and material 
properties derived by applying different transport models. 
I. INTRODUCTION 
Hydrogenated microcrystalline silicon (µc-Si:H) has 
many attractive properties like good mobilities,1 stability 
against light degradation2,3 and the possibility of large 
area deposition which are advantageous for applications 
in photovoltaics4 and thin film transistors.5,6 Nevertheless, 
the complicated heterogeneous microstructure of µc-Si:H 
system and the lack of knowledge about the distribution 
of density of states (DOS) in it have not permitted an 
adequate understanding of this material even after years 
of research. In a disordered system, carriers can be ther-
mally activated across mobility edges into the extended 
states giving rise to an Arrhenius type temperature de-
pendence in the conductivity. In general, electrical trans-
port in µc-Si:H films shows an activated behavior,7 al-
though different transport mechanisms may be observed 
depending on the film microstructure, doping and the 
range of measurement temperatures. Electrical transport 
at low temperature measurements has been explained in 
terms of tunneling8 and hopping.9,10,11,12,13 In addition to 
these models, considering the difference in conductivities 
of crystalline and amorphous phases in µc-Si:H system, a 
tunneling mechanism similar to that observed for metal-
insulator composite systems has also been sug-
gested.14,15,16,17 
Because µc-Si:H is not a microstructurally defined 
unique material, a certain model that satisfactorily ex-
plains electronic transport for a particular µc-Si:H mate-
rial may not be applicable to the whole system. For the 
elucidation of a transport mechanism applicable to a 
wider range of µc-Si:H materials having different and 
distinct microstructural and morphological attributes, a 
correspondingly wide range of µc-Si:H films have to be 
studied. While applying any model to a limited amount of 
data in the face of the numerous models suggested in lit-
erature, the plausibility of the mechanism has to be ascer-
tained in context of the various physical parameters. 
Keeping these issues in mind, in this article we have pre-
sented the results of dark conductivity measurements 
conducted below room temperature (300 to 15 K) on a 
wide range of well-characterized highly crystallized sin-
gle phase undoped µc-Si:H samples,18 addressing the cur-
rent transport mechanisms in the context of the complex 
microstructure.  
The outline of the article is as follows. In the next 
section, the various low temperature electrical transport 
mechanisms are discussed, in the context of disordered 
systems. In Sec. III, the experimental details of our work 
are described, along with a brief outline of the findings of 
the structural studies of our material. In Sec. IV, the re-
sults of low temperature conductivity measurements are 
presented, followed by a discussion of the results in Sec. 
V. The findings of this study are summarized in Sec. VI. 
II. LOW TEMPERATURE CONDUCTION 
MECHANISMS 
The temperature dependence of dark carrier conduc-
tion σd is given by:  
m
d TT )/()ln( 0∝σ      (1) 
where T0 is a constant for the material.19 The value of m 
depends on the grain sizes and the temperature region and 
gives information on the type of carrier conduction 
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mechanism. In a bulk material, m= ¼ is attributed to 
Mott’s VRH conduction (M-VRH) where electron-
electron (e–e) interactions are neglected.19 According to 
Mott’s equation for the three-dimensional case, if the 
DOS is constant in a kT energy range around Fermi level 
(Ef), the σd(T) is expressed as:  
1* 4
0 Mexp / )d T Tσ σ= (−     (2) 
where the terms *
0σ and TM are constants. TM is related to 
the DOS at the Fermi energy (Nf) by expression: 
)/( f
3
MM kNCT α= , where k is Boltzmann’s constant, α is 
the decay constant of localized wave function and CM is a 
constant. According to M-VRH, the hopping parameters, 
optimum hopping distance (Ropt) and optimum hopping 
energy (Wopt) are expressed as:  
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The average hopping distance is ¾ of Ropt. The crite-
ria for M-VRH to be valid include a basic initial assump-
tion of a constant DOS around the Ef, αRopt(T) ≥ 1, and 
that the jump of the carriers from one state to the other is 
only of the order of some kT. Variation in the value of 
1−α  has been reported between 10-20 Å for amorphous 
material,20,21 whereas large value of 1−α ≈ 257 Å has been 
reported for polycrystalline material.22 Variation in the 
value of CM has been a more contentious issue.23 Accord-
ing to Mott,19 the value of CM is ≈ 16 for a constant DOS 
around the Ef. However, Godet24,25 reported high values 
of CM (=310) for materials having an exponentially dis-
tributed DOS (G-VRH model) and set two conditions for 
this to be applicable. First, a linear relationship should be 
present between *
0lnσ  and the slope 41MT , and secondly, 
the localization parameter (LP =Nf.α −1) should be in the 
range of 10-5 -1. Due to the variation in CM, different ap-
proximations used to express VRH parameters in terms of 
TM often lead to contradictory results, more so in Wopt. 
This has sometimes resulted in the M-VRH model being 
challenged, and alternative models being suggested as op-
tions that are more plausible.13 Ropt shows less variation 
in results of such approximations because the factor α -1 
(≈10-7 cm) minifies any variation induced by a change in 
the value of CM. A similar situation is evident in the dif-
fusion model given by Dussan et al.,13 where the original 
equations of M-VRH expressed in terms of Nf have been 
used for hopping parameters, but they have been inappro-
priately equated to the equations derived in other 
works12,22 that had chosen a specific value for CM to ex-
press M-VRH equations in terms of slope TM. In fact the 
equations derived for the diffusion model are the very 
same Mott’s equations, and in one of the coauthor’s pre-
vious work11,12 on similar p-type Boron doped 
µc-Si:H:(B) and intrinsic µc-Si:H material, G-VRH 
model was found to be valid and hopping parameters 
were deduced for M-VRH. The equations described as 
classical VRH equations in Ref. [13] are in reality deriva-
tions of the basic M-VRH equations that have been ap-
proximated using specific constant values for CM 
[16×(3/2π) =7.64]. The constant terms associated with Nf 
cannot be ignored when Nf is incorporated in the equa-
tions for hopping parameters (Eqs. 3 & 4).  
Therefore, we have not considered the diffusion 
model for the choice of hopping parameters. Instead, in 
our opinion, it is more appropriate to use the equations 
given by Rosenbaum et al., according to which, Ropt and 
Wopt in terms of TM and CM can be expressed as:23  
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A m=½ temperature dependence of carrier transport 
may arise either due to Efros-Shklovskii variable range 
hopping (ES-VRH)26 or due to percolation-hopping 
transport model as applicable to a composite system of 
granular metal dispersed in an insulator matrix proposed 
by Šimánek.27  
If we include the long-range e–e interactions (i.e., 
Coulomb interaction between the localized state elec-
trons) which cause the DOS to tend to zero in the vicinity 
of Ef resulting in a soft energy gap (Coulomb gap) corre-
sponding to the parabolic DOS, we find that carrier trans-
port due to hopping in the Coulomb gap in DOS near the 
Fermi energy exhibits a m=½ temperature dependence as: 
2/1
0d )/()ln( TT∝σ , which is known as ES-VRH.26 In ES 
hopping, constant T0 is related to Coulomb gap energy 
(∆) and DOS (go) as: 28 
2/1
r0 ))(2/( TTk∆ =      (7) 
and  
))(2/(3 0
698
ro
3
r
2
0 TTqkg
32= εεπ    (8)  
Here, εr is the relative dielectric constant, q the electronic 
charge and Tr the transition temperature between Mott 
and ES hopping conduction.26,28,29,30  
According to percolation-hopping model proposed by 
Šimánek, in a metal-insulator composite system, the car-
riers traversing from one grain to another grain face a 
barrier height Eb, given by: 27,28,31,32  
)}2/(/{2 gg
2 dsdseEb += ε     (9) 
where dg is the average grain size, s is the average width 
of the high resistive region between the neighboring 
grains, ε is the dielectric constant of the insulator and e is 
the electronic charge. At low electric field when the ap-
plied voltage drop (e∆V) across the two nearest neighbor-
ing conducting regions is less than Eb, as well as less than 
kT, thermal assisted tunneling occurs, which leads to: 
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where χ is the rate of decay of the wave function in the 
insulator.  
III. EXPERIMENTAL DETAILS 
Undoped µc-Si:H films were deposited at a low sub-
strate temperature (Τs ≤ 200˚C) in a parallel-plate glow 
discharge plasma enhanced chemical vapor deposition 
system operating at a standard rf frequency of 13.56 
MHz, using high purity SiF4, Ar and H2 as feed gases. 
The microstructural studies were carried out employing 
bifacial Raman scattering (RS), spectroscopic ellipsome-
try (SE), X-ray diffraction (XRD), and atomic force mi-
croscopy (AFM). The findings of the structural studies 
are briefly as follows. High crystallinity of all the sam-
ples was confirmed by RS and SE measurements. SE data 
demonstrated a crystalline volume fraction >90% in the 
bulk of the material from the initial stages of growth, with 
the rest being density deficit having no amorphous phase. 
However, a very thin (≈20 nm) film-substrate interface 
incubation layer is present, which is less crystallized and 
contains some amorphous content. The fractional compo-
sition of the films educed from SE data revealed crystal-
lite grains of two distinct sizes,33,34 which was corrobo-
rated by the deconvolution of RS profiles using a bimodal 
size distribution of large crystallite grains (LG ≈70–
80nm) and small crystallite grains (SG ≈6–7nm).35,36 The 
XRD results have correspondingly demonstrated the LG 
and SG to be having different orientations. There is a sig-
nificant variation in the percentage fraction of the con-
stituent LG and SG with film growth. Although the con-
cept of a bimodal distribution in the sizes of crystallites is 
fundamental to the application of percentage fraction of 
large crystallites as a microstructural parameter, but the 
details of this modeling method are beyond the scope of 
the present paper, and are being reported elsewhere. The 
evolution of conglomeration of crystallites with film 
growth, under a variety of deposition conditions was 
demonstrated by AFM results. Preferential orientation in 
(400) and (220) directions as achieved by optimizing the 
deposition conditions leading to smooth top surfaces (sur-
face roughness < 3nm), indicating device quality mate-
rial.18,33,34 The dark conductivity σd(T) measurements 
were carried out on a large number of well-annealed 
samples having different thicknesses, microstructures and 
morphological properties, using coplanar geometry in dif-
ferent experimental set-ups (above room temperature, 
300–450K; and low temperature, 300–15 K).  
Based on the structural investigations of the µc-Si:H 
films at various stages of growth and under different 
growth conditions,18,34 we segregated out the unique fea-
tures of microstructure and growth type present in the va-
rieties of µc-Si:H films, with respect to the correlative 
coplanar electrical transport properties (above room tem-
perature). The results of σd(T) measurements above room 
temperature are not presented here per se,37 but are men-
tioned in context of the classification of the films. Obvi-
ously, deposition parameters merely have an indirect con-
tributory role in the electrical properties through their 
fundamental effect on the microstructure of material. Our 
structural and electrical studies18,34 have indicated that the 
fractional composition of large constituent crystallite 
grains (Fcl, determined by SE) is a simple yet physically 
rational microstructural parameter that indicates the mi-
crostructural and morphological condition of the highly 
crystallized single phase undoped µc-Si:H film and corre-
lates well with the electrical transport behavior at high 
temperatures.18,37 All the µc-Si:H samples were classified 
into three types: A, B and C, where we see the influence 
of the nature of inhomogeneities in µc-Si:H not only on 
the σd(T) but also on the material parameters like dark 
conductivity prefactor (σ0) and Ea.  
To summarize this classification, the type-A films 
have small grains, high density of inter-grain boundary 
regions containing disordered phase, and low amount of 
conglomeration. In this type, Fcl <30%, σ0 and Ea are 
constant [≈103 (Ωcm)-1 and ≈0.55 eV respectively]. The 
type-B films contain a fixed ratio of mixed grains in the 
bulk. With film growth, conglomeration of grains results 
in a marked morphological variation, and a moderate 
amount of disordered phase in the conglomerate bounda-
ries limits the electrical transport. In this type, Fcl varies 
from 30% to 45%, there is a sharp drop in σ0 [from ≈103 
to 0.1 (Ωcm)-1] and Ea (from ≈0.55 to 0.2 eV). The 
type-C µc-Si:H material is fully crystallized and crystal-
lite conglomerates are densely packed with significant 
fraction of large crystallites (>50%) and preferential ori-
entation is seen. In this material, σ0 shows a rising trend 
[from 0.05 to 1 (Ωcm)-1] and the fall in Ea is slowed down 
(from 0.2 to 0.10 eV).  
IV. RESULTS 
Since it is not possible to report all the results of the 
large number of samples studied, for the sake of concise-
ness, we have presented the results of a few representa-
tive samples from each type in this article. These samples 
are listed below with the respective film thickness and R 
(=SiF4/H2) values. Type-A samples: #B22 (170nm, 
R=1/10) and #D26 (410nm, R=1/5); type-B: #B11 
(390nm, R=1/10), #B23 (590nm, R=1/10) and #B04 
(950nm, R=1/10); type-C: #F06 (920nm, R=1/1), #E31 
(1200nm, R=1/1) and #E25 (1025nm, R=1/5). Coming to 
the results of the low temperature measurements, Fig. 1 
shows σd(T) plotted with reciprocal of T. A majority of 
samples showed single activation energy from ≈450K to 
≈200K, indicating excellent material properties from de-
vice application point of view. However, a careful analy-
sis of low temperature data reveals a continuously vary-
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ing slope in σd(T), which becomes almost independent of 
temperature for all samples at temperatures lower than 
certain values, depending on the film microstructure. In 
Fig. 2, we have plotted the low temperature σd (T) data 
versus T–¼ according to M-VRH. At low temperatures, 
the linear fitting seems to be good with reasonable stan-
dard deviation values. Using M-VRH model the slopes 
TM were determined from the graph and are listed in Ta-
ble I. The values of Nf, Ropt and Wopt calculated from the 
slopes TM for both the conditions, i.e., hopping near Ef 
(M-VRH, constant DOS around Ef, CM=18.1) and hop-
ping in bandtail states (G-VRH, exponential DOS, 
CM=310) for α−1=14Å are presented in Table I. Although 
the prerequisite condition for M-VRH (αRopt(T) ≥ 1) is 
fulfilled here, but if we consider the conditions set out by 
Godet to discriminate between hopping near Ef and hop-
ping in bandtails, we see that a linear relationship is pre-
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
sent between *
0lnσ  and the slope 41MT  (shown in the inset 
of Fig. 2) and the values of LP are lying well within the 
range of 10-5 –1, which suggests hopping in our µc-Si:H 
material is taking place in exponentially distributed band-
tail states. The hopping parameters will be discussed a lit-
tle further on. 
Although our low temperature σd(T) data seems to be 
fitted well with the VRH model, it is still desirable to see 
if any other type of fitting is possible. A fitting of the 
same low temperature data to the conductivity expres-
sion, σd ≈ exp (T0/T)1/2, is demonstrated in Fig. 3. Here T0 
is a constant for the material. Value of T0 is found to de-
crease from 2.7×105 to 3×104 K with increasing film 
thickness or with the improvement in film microstructure. 
The unrealistically large Coulomb gap obtained from T0 
does not permit ES-VRH mechanism to be applied in this 
temperature range and hence can be ruled out.  
In the heterogeneous structure of our µc-Si:H sam-
ples, the granular bulk (crystalline columnar island) con-
ductivity is larger than the conductivity in the boundary 
regions containing disordered phase. The overall conduc-
tivity is governed by the resistive inter-granular region. 
Therefore, we have considered the applicability of the 
percolation-hopping model proposed by Šimánek as well. 
The values of T0 and s/dg obtained (using the value of χ ≈ 
1 Å-1, and ε ≈ 8 for bulk-disordered region) for various 
samples are listed in Table I. It is interesting to note that 
the temperature range over which T–½ behavior can be fit-
ted increases with film thickness and/or improving film 
microstructure. The values of s/dg also show the right 
trend as expected from the film microstructure, which is 
further discussed in the next section. Similar temperature 
dependent σd(T) behavior is also reported for SiF4 based 
plasma deposited fully crystallized µc-Si:H16 and recently 
in Si nanocrystals17.  
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FIG. 1. Temperature dependence of σd (T) at low temperatures. 
The sample details are: Type-A samples: #B22 (170nm, R=1/10) 
and #D26 (410nm, R=1/5); type-B: #B11 (390nm, R=1/10), 
#B23 (590nm, R=1/10) and #B04 (950nm, R=1/10); type-C: 
#F06 (920nm, R=1/1), #E31 (1200nm, R=1/1) and #E25 
(1025nm, R=1/5). Τs of all the samples is 200°C. 
FIG. 2. Low temperature σd (T) data as a function of T– ½.
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FIG. 3. Low temperature, σd (T) data as a function of T–¼. The 
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V. DISCUSSION 
If we consider the VRH mechanisms, the G-VRH 
model seems to be applicable to our observations, as dis-
cussed above. The reason behind this maybe the fact that 
the improvement in film microstructure leads to delocali-
zation of the tail states causing the Ef to move towards the 
band edges. In contrast to the constant DOS at Ef in amor-
phous silicon, the Ef in µc-Si:H is actually somewhere in 
the vicinity of the exponential tail states. Therefore, in 
µc-Si:H system, both doped and intrinsic, the G-VRH 
mechanism is more applicable than the M-VRH. Re-
cently, similar observation was also reported by Myong et 
al.38,39 for hydrogenated boron (B)-doped nc-Si-SiC:H (p-
nc-Si-SiC:H alloy) material and for various kinds of inor-
ganic semiconducting polycrystalline films.40 It is to be 
noted that the values we obtained for Nf for M-VRH in 
Table I are one order less than the values obtained for G-
VRH for all the samples, an observation similar to what 
has been reported for doped and intrinsic µc-Si:H.11 This 
is because the term Nf in G-VRH is actually the DOS with 
an exponential distribution near Ef. The Ropt and Wopt val-
ues are also lower in G-VRH compared to M-VRH. Ropt 
is actually the nearest neighbor hopping distance of a car-
rier as it traverses from one state to another. In case of a 
constant DOS, any two ‘nearest neighbor’ states may 
have only a small amount of energetic separation, but a 
larger actual interatomic distance between them. In case 
of hopping in a bandtail where the states are exponen-
tially distributed, the hopping distance is reduced. Similar 
reasoning applies to Wopt, because in an exponential dis-
tribution of states, the nearest neighboring states have re-
duced energetic separation. 
  
Let us now consider the hopping parameters obtained 
from VRH mechanism (T–¼ dependence) and material 
properties deduced from T–½ dependence. It is desirable 
to see if these hopping parameters and material properties 
are corroborative with the film microstructure. The varia-
tion of Nf as a continuum with film thickness is shown in 
Fig. 4(a), and the same data points are shown as discrete 
values corresponding to the respective type of the mate-
rial in Fig. 4(b). We have shown the variation of Nf with 
percentage volume fraction of large crystallites (Fcl) in 
Fig. 4(c), where, on proceeding from type-A to type-B 
material, we note a gradual fall in Nf up to one order. The 
trend reverses and Nf starts rising at about Fcl ≈40 reach-
ing a plateau in type-C above Fcl≈ 50. If we see the varia-
tion of Nf with thickness in Fig. 4(a), an erratic relation is 
visible. This zigzag appearance of the graph actually oc-
curs due to the erroneous attempt to correlate a material 
property (Nf) with increasing thickness, and gets elimi-
nated in Fig. 4(b), where the Nf values are more appropri-
ately considered in context of the film type (microstruc-
ture) and the data points can be now seen as clusters in 
three regions. The observed variation of Nf with film mi-
crostructure is explained by the changes occurring in the 
DOS with film growth.41,42,43 At the beginning of the 
growth, the DOS is high, and in spite of being fully crys-
talline, the film is mainly composed of small grains, with 
a relatively high number of grain boundaries resulting in 
high defect densities. With film growth, the Fcl rises, 
there is alteration in film morphology with the onset of 
conglomeration of grains, and the number of grain 
boundaries are reduced, resulting in a steep fall in the Nf 
T-1/2 dependence T-1/4 dependence 
Godet’s Model (G-VRH) Mott's Model (M-VRH) 
Sample# Fcl% 
T0 (K)  (104) 
(fitting T range) ~s/dg 
TM (K)
(108) 
Nf 
(eV-1cm-3)
(1017) 
Ropt 
(nm)
Wopt 
(mev)
LP(eV-1)
(10-3) 
Nf 
(eV-1cm-3) 
(1016) 
Ropt 
(nm) 
Wopt 
(meV)
E31 
 
E25 
 
F06 
 
B04 
 
B23 
 
B11 
 
D26 
 
B22 
 
90 
 
55.8 
 
47.5 
 
40.5 
 
35.6 
 
31.5 
 
4.75 
 
8.85 
 
5.02  
(90 - 325K) 
2.89 
 (60 - 325K) 
4.65 
(85 - 325K) 
27.1 
(186 - 300K) 
21.4 
(150 - 325K) 
20.2 
(150 - 325K) 
7.82 
(174 - 325K) 
8.14 
(180 - 325K) 
0.072 
 
0.05 
 
0.07 
 
0.18 
 
0.16 
 
0.15 
 
0.09 
 
0.09 
 
2.41 
 
0.93 
 
1.99 
 
48.6 
 
33.2 
 
25.5 
 
4.74 
 
4.74 
 
54.5 
 
141 
 
66 
 
2.7 
 
3.9 
 
5.1 
 
27.7 
 
1.62 
 
8.55 
 
6.74 
 
8.15 
 
18.1 
 
16.5 
 
15.4 
 
10.13
 
10.1 
 
70.17
 
55.33
 
66.91
 
148.7
 
135.23
 
126.61
 
83.11
 
80 
 
 15 
 
 39 
 
18  
 
0.74 
  
1.1  
 
1.4  
 
7.6 
 
7.6 
 
31.8  
 
82.3  
 
38.5  
 
1.6  
 
2.3  
 
3.0 
  
16.15 
 
16.17 
 
17.4 
 
13.7 
 
16.6 
 
36.9 
 
33.5 
 
31.4 
 
20.6 
 
20.6 
 
142.8 
 
112.6 
 
136.1 
 
302.5 
 
275.1 
 
257.6 
 
169.1 
 
169 
 
Table I. The physical parameters, viz., DOS values and hopping parameter values (T=200K) obtained by application 
of various fitting procedures and models to low temperature conductivity data. 
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by an order of magnitude. Further, as we approach type-C 
material, Nf rises, as the Ef gets closer to conduction band 
(CB) edge, which is steeper compared to the CB edge in 
type-A and type-B materials. Another possibility is the un-
intentional impurities distributed near CB edge, which 
can also enhance the overall DOS in the vicinity of Ef. 
Here, we observe that it is the film microstructure param-
eterized by Fcl (rather than film thickness) that plays a 
crucial role in determining the electrical transport behav-
ior of the material. This is the basis of our classification 
discussed in Sec. III, where the Fcl has been correlated to 
the electrical transport properties. While it is tempting to 
correlate the classification to thickness, as each type of 
µc-Si:H material apparently seems to extend over a cer-
tain range of thickness as well, but this can be mislead-
ing, as we found in all our electrical transport studies, in-
cluding this study. 
We have presented the variation of hopping parame-
ters (Ropt and Wopt) with Fcl in Fig. 5(a) and (b) respec-
tively, and the variation of s/dg (obtained from T–½ de-
pendence) with Fcl in Fig. 5(c). The Ropt and Wopt values 
for types-A and B materials show a rising trend with ris-
ing Fcl. This variation of Ropt and Wopt are well correlated 
to the DOS variation with film growth, the lowering of 
DOS resulting in higher Ropt and Wopt values. As we reach 
type-C material, Ropt and Wopt start decreasing abruptly at 
Fcl≈40, reaching a low plateau level in type-C at Fcl≈50. 
For hopping model to be applicable here, Ropt should be 
greater than or comparable to dg, as the hopping distance 
has been physically correlated with the effective diameter
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
of Si columns in Si nanostructures. When Ropt approaches 
dg, the hopping process corresponds to near neighbor tun-
neling, which should give rise to activated behavior of 
carriers. However, the Ropt value in type-C is calculated to 
be 7-9nm (Table I), which is less than the dg (≈90–
100nm), indicating that activated behavior should be evi-
dent in this temperature range, which contradicts our ob-
servations. Secondly, α−1 for highly crystalline polycrys-
talline material has been reported to be ≈257Å.22 Assum-
ing such a value of α−1 for type-C material, (α.Ropt) 
comes out to be less than one, which precludes the basic 
assumption of T–¼ hopping mechanism.  
Similarly, if we explore the possible microstructural 
basis of the observed s/dg variation behavior, we can get 
an insight into the credibility of Šimánek’s model in ex-
plaining electrical transport behavior of our material. The 
s/dg is low in the type-A material, which can be explained 
by the smaller boundaries of the densely packed small 
grains. The samples of types-A and B in this study are all 
deposited under R= 1/10, where non-connecting con-
glomerate columns are formed having inverted pyramidal 
shapes. As a result, when the film grows in thickness, 
density deficit rises with significant void fraction between 
the columns/ grains. Thus, as we approach type-B mate-
rial, these morphological changes occurring during film 
growth could result in a rise in the resistive boundary re-
gions and the s/dg may rise. Nevertheless, the morpho-
logical studies of the type-B material suggest otherwise, 
and the onset of conglomeration should result in a lower 
s/dg than the derived values, because for any increase in s, 
there is also a significant increase in the dg of the con-
ducting crystallite conglomerates. However, in type-C 
material, all the samples in this study are deposited under 
R= 1/1 and 1/5. Here a least value of void fraction is seen, 
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resulting in a highly dense material with tightly joined 
crystallites and straight conglomerate columns. The con-
glomeration is complete, and a sharp decline in s/dg signi-
fies the low amount of boundaries compared to the larger 
width of conducting crystallite conglomerates. Our mor-
phological studies have yielded s ≈ 5–7nm and dg ≈ 90–
100nm, which leads to s/dg ≈ 0.05–0.07, a value closely 
matching the value calculated from this model.  
Another corroborating evidence for T–½ dependence 
in type-C material can be derived from the observed value 
of T0 (Eq. 10), which is a material constant. T0 has been 
reported to be 1×104–3×104 K in highly crystallized nano 
or microcrystalline Si.14,16 Value of T0 has been calcu-
lated by theoretical method for nc-Si system by Rafiq et 
al., yielding a value of 1.15×104K.17 T0 values in our 
type-C material are ≈ 104K, while in types-A and B, T0 
≈105 K (Table I). Interestingly, T–½ dependence of σd(T) 
behavior reported for SiF4 based plasma deposited 
µc-Si:H material is only seen in fully crystallized (100% 
crystalline volume fraction) material and not in mixed 
phase µc-Si:H system.16 Therefore, T–½ dependence is 
more applicable in type-C material. Furthermore, a com-
parison between the two types of fitting (T–½ and T–¼) us-
ing statistical parameters (like χ2 or standard deviation) 
suggests T–½ to be a better fit to the σd(T) data of highly 
crystallized thick samples (type-C), but the same cannot 
be said for the thinner type-A samples conclusively. 
However, a statistical validation of any fit cannot be a 
reason enough to deem it to be the only explanatory 
model, but it substantiates the evidence provided by the 
above-discussed physical parameters. It is, however, in-
structive to recall the basic assumptions of these two 
models to examine their plausibility in explaining the ob-
served behavior. The model defining the transport in 
metal-insulator composite system considers thermally ac-
tivated carriers and tunneling between nearest neighbors 
only; and optimization is applied to the product of mobil-
ity and number density of charge carriers. In VRH 
mechanism, density of charge carriers is assumed to be 
independent of temperature and the percolation paths for 
the charge carriers are determined by optimizing the mo-
bility. Considering the transport mechanism in metal-
insulator composite systems as applied to our heteroge-
neous µc-Si:H material, it would be specious to compare 
the individual constituents of these two systems. Instead, 
we must take a closer look at the basic process of tunnel-
ing as applicable to the film microstructure observed in 
our material.  
The two constituents of µc-Si:H material, crystalline 
and disordered phases, have different temperature de-
pendence behavior of σd. It is known that with tunneling 
conduction, percolation threshold energy does not occur 
but multiple isolated paths may arise. In a case where the 
resistance along a path varies greatly, the lowest resis-
tance can dominate the path. In general, such multiple 
paths having finite width will effectively result in quasi 
1-d conduction, thus limiting percolation in such paths. In 
such a material, an increase in temperature can lower the 
resistance of a number of unused branches in the conduc-
tion network without actually altering the character of the 
chain of conduction paths. On the other hand, a material 
in which the resistance does not vary much along a path, 
an increase in temperature results in cross-linking of such 
similar paths as in a-Si:H which sometimes displays a T–¼ 
relation. In addition, when conduction occurs along mul-
tiple quasi 1-d paths of finite length with weak localiza-
tion, then T–½ dependence is seen at low temperatures.44 
This is probably the reason why T–½ dependence of σd is 
seen in those µc-Si:H films whose microstructure consists 
of tightly packed large columnar grains without any dis-
tinguishable disordered phase (like type-C µc-Si:H), 
whereas the films having small grains with a fair amount 
of defect densities in the boundary regions (like type-A 
µc-Si:H) can show a T-¼ relation.  
VI. CONCLUSIONS 
The dark electrical conductivity σd(T) of µc-Si:H is 
intricately linked to the film microstructure. Our study 
demonstrates that at low temperatures (300–15 K), dark 
conductivity in highly crystallized undoped µc-Si:H films 
can be seen to follow different temperature dependences 
for different microstructures. The fractional composition 
of large crystallite grains in µc-Si:H emerges as a 
dominant parameter in the study of correlation between 
film microstructure and its transport properties. Although 
we have studied the applicability of different transport 
mechanisms, the choice of an appropriate model was 
determined by the cross-validation with derived 
parameter values and film microstructure. A T–½ 
dependence of low temperature σd(T) of highly 
crystallized µc-Si:H films (type-C) having tightly packed 
large columnar grains and high percentage fraction of 
large crystallite grains evince a presence of tunneling of 
carriers between neighboring conducting crystals, similar 
to the metal-insulator composite systems. The T–¼ 
dependence of low temperature σd(T) in types-A and B 
µc-Si:H films having a low percentage volume fraction of 
large crystallite grains and low degree of conglomeration 
can be well addressed by Godet’s VRH model that 
proposes hopping in exponential band tail states. Based 
on the application of these two different transport models, 
we have deduced physically rational parameters and 
material properties of µc-Si:H material, including DOS 
values with an exponential distribution near Fermi level, 
which are in good agreement with film microstructure.  
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